Overexpression of the antiapoptotic Bcl-2 protein enhances the uptake of fluorimetric dyes sensitive to mitochondrial membrane potential, suggesting that Bcl-2 changes the mitochondrial proton gradient. In this study, we performed mitochondria which could account for increases in fluorescent dye uptake were evaluated using flow cytometry particle sizing and light scattering determinations.
Introduction
The Bcl-2 protein, originally described in lymphoma cells (1) and then found to be widely distributed in a variety of cancerous tissues (2, 3) , is a potent inhibitor of cell death, both programmed and accidental (4, 5) . Bcl-2 is located in biological membranes, including mitochondria (6, 7) , and acts inhibiting mitochondriallycontrolled steps leading to cell death. The effects of Bcl-2 on mitochondrial control of cell death are variable according to the experimental conditions studied, indicating a multifunctional role for this protein. For example, Bcl-2 inhibits mitochondrial permeability transition (8-10), a process often associated with mitochondrial cytochrome c release and subsequent cell death (8, 11) , and Bcl-2 is also capable of inhibiting cytochrome c release pathways independent of mitochondrial permeability transition, such as Bid and Bax-mediated cytochrome c release (12, 13).
Bcl-2 effects on mitochondria determined to date involve almost exclusively studies conducted under conditions leading to cell death. Although these studies are essential to understand the anti-apoptotic effects of this protein, it is important to determine if Bcl-2 can affect mitochondrial function under basal conditions. Understanding the changes promoted by Bcl-2 on mitochondrial function in healthy cells may determine how these cells respond to potentially deadly stimuli and uncover the common roots of the distinct anti-apoptotic effects of this protein.
Furthermore, Bcl-2 may have an unknown role in the regulation of basal mitochondrial energy metabolism. In fact, some previous data from both our group and others (9, 10) suggest that Bcl-2 may regulate mitochondrial proton transport across the inner membrane resulting in higher mitochondrial membrane potentials, since Bcl-2 overexpressing mitochondria take up larger quantities of membrane potential-sensitive dyes. This increased mitochondrial membrane potential could explain other Bcl-2 effects such as increased H 2 O 2 generation (14-16), since mitochondrial reactive oxygen species generation is strongly inhibited at lower membrane potentials (17) . Unfortunately, the cause of these mitochondrial changes promoted by Bcl-2 has never been carefully studied, and these results are often obtained from a single transfected cell line, raising the possibility that these are not universal Bcl-2 effects. In this manuscript, we investigated the effects of Bcl-2 on mitochondrial function and structure using two separate cell lines, and found that overexpression of this protein does not affect the membrane potential, respiration, ∆pH or intramitochondrial K + , but does increase mitochondrial volume and structural complexity. This increase in volume and structural complexity explains changes in fluorimetric membrane potential determinations conducted previously. Based on our results, we propose a model in which enhanced mitochondrial volume and structural complexity mediate many of the Bcl-2 effects related to the prevention of cell death.
Experimental Procedures
Cell Cultures -PC12 pheochromocytoma and immortalized hypothalamic GT1-7 neuronal cell lines transfected with the human bcl-2 gene (Bcl-2+) or with a control retroviral construct (Bcl-2-) were maintained as described previously (4).
Prior to the experiments, the cells were trypsinized and suspended in growth media supplemented with 10 mM Hepes, pH 7.0. Suspended cells were kept at room temperature for up to 5 hours. Cell viability, as assessed by a cell count in Trypan Blue, was above 95% even after 5 hours at room temperature. The suspended cells were centrifuged and resuspended in the media used in the experiment just prior to each determination. Cell protein content was determined using the Biuret method. All experiments were conducted at 37°C. in the absence of ionophores.
Mitochondrial membrane potential (∆Ψ) -Mitochondrial
Mitochondrial isolation -Mitochondria were isolated from digitoninpermeabilized GT1-7 and PC12 cells exactly as described by Moreadith and Fiskum (22) , in isolation buffer containing 210 mM mannitol, 75 mM sucrose, 1 mg/ml BSA, 5 mM Hepes and 1 mM EGTA, pH 7.2 (KOH).
Mitochondrial particle sizing and light scattering -Isolated mitochondria (~0.2 mg/ml) were incubated in 250 mM sucrose, 10 mM Hepes, 100 µM EGTA, 19). These experiments were conducted using cultured cells in which low digitonin concentrations were added to selectively permeabilize the plasma membrane, promoting a large dilution of cytosolic components while maintaining cell architecture and mitochondrial function unaltered (18) . This is the preferred method to study the effects of Bcl-2 in mitochondria from transfected cell lines, since mitochondrial isolation may promote damage to the organelle in a Bcl-2-inhibited manner (18) . As noted previously (9, 10), PC12 pheochromocytoma cells overexpressing human Bcl-2 (Bcl-2+ cells) decrease safranin fluorescence more intensely than control transfectant cells (Bcl-2-) and present an enhanced difference in fluorescence in the presence and absence of the proton ionophore CCCP (∆Fluorescence) when respiring on NADH-linked substrates (Fig. 1, upper and lower left), an effect compatible with a higher ∆Ψ. A similar increase in safranin ∆Fluorescence was observed in a second transfected cell line (GT1-7 hypothalamic tumor cells -lower left). However, when we calibrated ∆Ψ using a K + distribution curve (Fig. 1 , upper panels, see Experimental Procedures and ref. 19 ),
we found that Bcl-2+ mitochondria presented larger safranin responses to equal ∆Ψ changes (more change in fluorescence with equal K + additions). By using the best fittings for the fluorescence versus ∆Ψ plots (Fig. 1 , upper right), we were able to estimate Bcl-2-and Bcl-2+ ∆Ψ in the absence of added K + , and found these to be equal in both cell lines studied (lower left). Thus, Bcl-2 increases safranin fluorescence changes dependent on ∆Ψ, but this effect seems to be related to an altered calibration curve, and not enhanced ∆Ψ.
We also determined mitochondrial respiratory rates in Bcl-2+ and Bcl-2-cells ( Fig. 1, lower right) , and plotted them against the measured membrane potential in the presence of increasing K + and CCCP concentrations. A change in the linear ∆Ψ/respiration plot would be indicative of altered proton pumping/oxygen consumption ratios at the mitochondrial respiratory chain, as proposed previously to explain the apparent higher ∆Ψ in Bcl-2+ mitochondria (9) . We found that Bcl-2 does not change the correlation between mitochondrial oxygen consumption and H + pumping, a result which supports the finding that mitochondrial ∆Ψ is equal in
Bcl-2+ and Bcl-2-cells.
Safranin is a lipophylic cation which accumulates within or in near proximity to the mitochondrial inner membrane, reducing the fluorescence of the suspension in a manner proportional to the negative charge of the mitochondrial matrix (19) .
Thus, safranin fluorescence traces measure only changes in charge across the inner membrane, and are insensitive to a second component of the mitochondrial H + gradient: ∆pH. In addition, the estimated ∆Ψ calculated using the Nerst equation
in Fig. 1 assumes intramitochondrial K + concentrations to be ~150 mM and equal in Bcl-2+ and Bcl-2-cells. In order to ascertain that Bcl-2 affects safranin distribution and not the mitochondrial proton gradient, we measured both ∆pH and K + concentrations in Bcl-2+ and Bcl-2-mitochondria.
The experiments shown in Fig. 2 compare ∆pH levels in Bcl-2-and Bcl-2+ mitochondria. We found that the addition of nigericin, a K + /H + exchanger which reduces ∆pH and increases ∆Ψ, promotes very similar effects on ∆Ψ measured by calibrated safranin fluorescence in Bcl-2-and Bcl-2+ mitochondria (upper panels).
To confirm that Bcl-2 did not affect ∆pH, we loaded GT1-7 mitochondria with the esterified form of the pH-sensitive dye BCECF. PC12 mitochondria were not used in this experiment since they loaded very poorly with this dye, and the final fluorescence levels were insufficient to accurately estimate ∆pH. In GT1-7 Bcl-2+ cells, BCECF fluorescence was more intense, and responded more significantly to the addition of nigericin than in Bcl-2-cells (bottom left). However, by calibrating the fluorescence traces (see Experimental Procedures), we found no difference in intramitochondrial pH levels in Bcl-2-and Bcl-2+ mitochondria, despite a consistently higher BCECF load (bottom right). These results indicated that, although GT1-7 mitochondria are more intensely loaded with BCECF, there is no difference in ∆pH between Bcl-2-and Bcl-2+ mitochondria.
Intramitochondrial K + levels were determined in Fig. 3 by loading mitochondria with the K + probe PBFI-AM. Again, PC12 cells loaded very poorly with the dye, so only GT1-7 cells were used. We found that, although Bcl-2+ mitochondria loaded more dye and presented more intense fluorescence (upper panels and lower right), no difference in intramitochondrial K + concentrations could be detected when the data were calibrated (lower left). Indeed, intramitochondrial K + concentrations determined using PBFI were quite close to the estimated K + concentrations used to calibrate ∆Ψ determinations in Fig. 1 and 2 , ensuring the accuracy of our ∆Ψ estimation.
In the absence of any difference in ∆Ψ, ∆pH or intramitochondrial [K + ], the increased fluorescence response to three different dyes observed in the Bcl-2+ mitochondria suggests the presence of a larger mitochondrial membrane surface (to increase safranin distribution, since safranin accumulates in close contact to or within the inner membrane, ref. 19 ) and matrix volume (to increase intramitochondrial BCECF and PBFI accumulation). In order to investigate this surprising possibility, we isolated mitochondria from GT1-7 and PC12 Bcl-2-and Bcl-2+ cells, and evaluated their size and structural complexity using flow cytometry (Fig. 4) .
Forward light scattering (FSC) measurements using a flow cytometer can be used to estimate particle size, since the intensity of light scattered at small angles from an incident laser beam is proportional to particle volume, as demonstrated by Mullaney et al. (24) . In the top panels of Fig. 4 , we compared FSC in Bcl-2-and Bcl-2+ mitochondria isolated from GT1-7 cells. We found that Bcl-2+ mitochondria present two populations of distinct sizes, and that the average particle size of these mitochondria is larger than Bcl-2-mitochondria (top left). In addition, flow cytometry can determine mitochondrial structural complexity, as measured by particle light scattering (side scattering -SSC), which is dependent on the refractive index of each particle. Side scattering measurements show that GT1-7 Bcl-2+ mitochondria present increased structural complexity in relation to Bcl-2-mitochondria (top right).
In PC12 cells, mitochondrial volume and complexity increases in Bcl-2+ cells were less pronounced, but still evident (lower panels). The increase in both mitochondrial size and complexity, as determined by increases in forward and side scattering, excludes the possibility that the difference between Bcl-2+ and Bcl-2-mitochondria is due to membrane damage promoted by mitochondrial isolation, since mitochondria with more permeable membranes present increased size and decreased light scattering (25) . Thus, in two distinct cell lines, Bcl-2 overexpression enhanced the mean size and complexity of mitochondria. The enhanced size and structural complexity of Bcl-2+ mitochondria explains why these organelles present larger responses to fluorescent dyes, without changes in the mitochondrial function these dyes measure.
Discussion
In this manuscript, we studied the effects of Bcl-2 overexpression on mitochondrial energetics and structure using two unrelated bcl-2-transfected cell lines. We found that Bcl-2+ mitochondria, previously thought to present higher ∆Ψ due to increased uptake of membrane potential probes such as safranin and rhodamine 123 (9, 10), do not show any difference in ∆Ψ when this measurement is calibrated using K + gradients (Fig. 1) . Instead, Bcl-2+ mitochondria present a larger ability to promote fluorescence changes not only of the membrane potential probe safranin, but also of pH and K + -sensitive probes BCECF and PBFI ( Previous studies involving isolated mitochondria suggest that the increase in response promoted by Bcl-2 in fluorescent ∆Ψ measurements is not due to a larger number of mitochondria in Bcl-2 overexpressing cells (26), a result supported by the fact that no difference in respiratory activity can be measured between Bcl-2+
and Bcl-2-cells (Fig. 1, lower left) . This observation suggests that Bcl-2+ mitochondria present both a more extensive membrane surface, interacting more intensely with membrane-accumulated probes such as safranin, and larger matrix volumes, in order to enhance the accumulation of intramitochondrial probes such as BCECF and PBFI. These differences in mitochondrial volume and membrane content were confirmed by using a flow cytometer to measuring particle size (forward scattering) and structural complexity (side scattering) of isolated Bcl-2+
and Bcl-2-mitochondria (Fig. 4) . The exact nature of the structural changes present in Bcl-2+ mitochondria is still not clear, and will have to be investigated using three-dimensional imaging techniques, since conventional electron microscopy does not show any striking differences between Bcl-2-and Bcl-2+ mitochondrial morphology (10).
Independently of the exact nature of the structural alterations promoted by
Bcl-2, our data using both fluorescent dyes and light scattering of indivudual mitochondria through flow cytometry clearly indicate Bcl-2+ mitochondria are larger. The presence of larger mitochondria and, most probably, larger matrix volumes, may explain why Bcl-2 overexpressing mitochondria have been previously found to present a larger capacity to accumulate Ca 2+ ions (26, see a scheme in Fig. 5 ), independently of their increased resistance to undergo nonselective inner membrane permeabilization following excessive Ca 2+ uptake (mitochondrial permeability transition, ref. 10, 11). It is also possible that the increased structural complexity of Bcl-2+ mitochondria is related to changes in membrane structure such as increases in cristal folds, resulting in resistance to cytochrome c loss under conditions in which the outer membrane is permeabilized (27) . Cytochrome c normally interacts closely with the inner membrane and must be displaced to the intermembrane space to be released into the citosol (28). Particle size, measured by forward scattering (FSC), and particle complexity, measured by side scattering (SSC), of mitochondria isolated from Bcl-2-and Bcl-2+ cells were determined using flow cytometry, as described in Experimental Procedures. 
